Abstract-In recent years, wireless power transfer technology has come to limelight because of its possibility of providing viable solutions to the challenges encountered by electronic device consumers when using traditional methods of charging batteries. This paper presents a multiple receiver wireless power transfer system for charging mobile phone batteries. The circuit consists of a transmitter and two receiver systems. A mathematical analysis of the circuit is carried out and simulated to understand its behavior with variation in coupling coefficient and load. In order to charge mobile phones without an extra communication module over a wide range of coupling coefficients, a variable frequency control algorithm is used. The transmitter circuit uses the algorithm to track the maximum input power of the system. The output voltage of the receiver circuit is controlled to meet the power requirement of the load as coupling coefficient varies by using a switch capacitor modeled as two back to back connected MOSFETs with their drain-to-source capacitance.
I. INTRODUCTION
HE emergence of portable electronic devices, mobile robots, biomedical implants and electric vehicles which all use rechargeable batteries has further emphasized the need for alternative methods of replenishing the batteries. Wireless power transfer (WPT) offers a safe, convenient and accessible alternative to the conventional wired charging of the batteries. In [1] , various methods and application of wireless power transfer were extensively discussed. Variation in coupling coefficient and load are the major challenges experienced by existing wireless power transfer systems. Change in position of WPT resonant coupled systems for mobile devices is unavoidable in most cases. Change in coil position affect the extent of coupling between the coils which results in sub-resonant peaks thereby causing a reduction in the efficiency and power transfer capability. Therefore, researchers have proposed various methods of improving power transfer and efficiency of WPT systems in the presence of system constraints such as change in coupling coefficient and load. In [2] [3] , impedance matching circuits were used to nullify the effect of air-gap variation on the resonant frequency of the WPT system but this approach increases the complexity of the overall circuit [4] . In [5] [6] [7] , the author suggested the use of coupling manipulation but this method is not a viable solution for mobile electronic devices. The use of variable frequency control to track the maximum input power proposed in [8] [9] [10] . However, these previous works considered fixed or small variation in coupling coefficient.
This paper presents the use of a switched capacitor and a variable frequency control algorithm in a multiple receiver WPT system to ensure adequate power is delivered to the load in the presence of wide variations in coupling coefficient and load. Various analysis and modelling of magnetic coupling systems have been presented in [4] [13] [11] , to address the challenges faced in both single and multiple receiver WPT systems. However, these works did not consider a wide range of variation in coupling coefficient, which significantly affects the system characteristics. In this section, a two-receiver WPT system is analyzed to understand the effect of variation in load and coupling coefficient on the system.
II. CIRCUIT ANALYSIS AND SYSTEM STUDY
In figure 1 (a), the multiple receiver WPT system consists of a transmitter and two receivers. The transmitter is made up of a dc source Ei, a high frequency half-bridge inverter and a self-tuned resonator coil which is modeled as a series resonant tank. The receiver consists of a self-tuned resonator coil modeled as a series resonant tank, a step-down transformer, a rectifier, an output capacitor filter and a load. The power generated at the transmitter is transferred to the receiver by magnetic resonance coupling using the resonator coils. The voltage is stepped-down by the transformer, rectified and filtered before it is fed to the load. Figure 1 (b) represents the equivalent circuit diagram of the WPT system. Mtr represents the mutual coupling between the transmitter and receiver, Mr12 is the mutual coupling between the receivers. The transmitter has an ac voltage source, Vin which is the output of a high frequency half-bridge inverter. The transmitter and receiver coils can be modeled as an inductor Li, with an internal capacitance, Ci. The subscript (i) denotes either the transmitter (tx) or receiver (rx) coils. The parasitic resistances of the transmitter and receiver coils are Rtx and Rp respectively. Rac is the equivalent ac resistance of the load and ωo is the operating frequency of the circuit. The voltage induced by the two receivers on the transmitter due to their current irx is vrx , the voltage induced by the transmitter on the receivers due to the transmitter current itx is vtx and vr12 is the voltage induced by the receivers on each other. Vo represents the output voltage. Theoretically, the coupling coefficient (K) ranges from 0 to 1 and it can be calculated using the given formula
The total resistance of the receiver coil is expressed as, R R R rx p ac ( 6 ) The resonance frequencies of the transmitter ωtx and receiver ωrx when the coupling coefficient between the transmitter and the receivers is zero is given by:
Relative operating frequency is expressed as,
Using the Kirchhoff's voltage law, the equations of the circuit can be expressed as follows: 
Efficiency η is defined as the ratio between the total power dissipated in the load and the total power supplied by the sources [12] . It is expressed as follows: (16) The total input impedance of the circuit Zin is expressed as,
The phase angle of the input impedance is given by,
( 1 9 ) From equation (10) the output voltage is expressed as,
The resonance frequency point of WPT systems is affected by variation in coupling coefficient. The coupling co-efficient varies with change in distance causing a change in the total impedance of the circuit. It is important to note that maximum system efficiency does not necessarily mean maximum power is transferred in the circuit [13] . The transfer efficiency is dependent on the ohmic losses in the circuit while maximum power is a measure of how much power is transferred to the receiver from the transmitter. Figure 2 shows the WPT system efficiency variation with frequency for different values of coupling coefficient. We observed that maximum efficiency occurs when ω is 1 for all values of coupling coefficient (K). Efficiency also rises with increase in K. The peak efficiency frequency does not change with variation in the amount of coupling because the ohmic losses in the transmitter and receiver are low. Therefore, even though the output power is high at some other values of ω, the efficiency of the system is lower compared to the system efficiency at unity relative operating frequency. Figure 3 shows a graphical representation of the power output of the WPT system against frequency with variation in coupling. The power output curve splits into two sub-resonant peaks due to the frequency splitting phenomenon which occurs when maximum power transfer does not occur at unity relative operating frequency [14] . Here, the output power is low at unity relative operating frequency. The effect of load variation on the resonance frequency of the WPT system can be seen in figure 4 . We observed that as the load varies from full-load to 10% load, the resonance frequency point changes. This further confirms that the WPT system cannot supply the required power to the load when operating at a fixed frequency in the presence of coupling coefficient and load variation. shows that the input impedance of the system can be controlled by varying the operating frequency. When frequency is reduced, the impedance decreases and consequently the maximum power can be supplied. Figure 5 shows a graphical representation of the WPT systems input impedance against the relative operating frequency for different values of coupling coefficient. The change in input power with frequency variation for different values of coupling is also shown in figure 6 . The system can be made to operate at the maximum input power frequency by varying the operating frequency as the coupling coefficient changes. In order to achieve ZVS (Zero Voltage Switching), the operating frequency is varied in the region where the phase angle of the input impedance is positive (inductive) below ω = 1. The region above unity relative operating frequency was not used because it requires a wider frequency variation for the system to operate under the range of coupling coefficient considered in this paper. A graph of the phase angle against relative operating frequency with variation in coupling coefficient is shown in figure 7 . From the system studies carried out in this section, we observed that the resonance frequency of the transmitter and receiver circuits changes with variation in coupling coefficient. Therefore, the system cannot operate at a fixed frequency. As load and coupling coefficient varies, the frequency at which the maximum input power occurs changes. Therefore, in order to ensure adequate power delivery to the load with variation in load and coupling coefficient a variable frequency control algorithm is proposed to track the maximum input power alongside a switch capacitor to regulate the output voltage.
IV. PROPOSED TOPOLOGY AND CONTROL
A variable frequency control algorithm is used in the transmitter circuit to track the frequency at which the maximum input power of the WPT system occurs to ensure adequate power supply whenever there is a variation in load and coupling coefficient. In addition, a new topology which consist of two switch capacitors is used in the receiver circuits to regulate the power delivered to the load. This topology and control algorithm enables power transfer without the use of a communication link and increase the range of coupling coefficient within which the WPT system operates. The resonance frequency of the circuit is 5.7MHZ and it is design to deliver 10W (5V, 2A) each to two mobile phones. The idea of this work is to enable the mobile phone users to charge their phone using magnetic resonance coupling on a desk or even table at a coffee shop without a conventional wired charger. Even though lithium batteries work on 3.6V, a typical USB cables deliver 5V to mobile phones. This is possible because the phones have internal power conditioning circuit to control the charging process of the battery [15] . The proposed WPT topology is shown in figure 8 . 
A. Transmitter Circuit
In this paper, the variable frequency control method is applied at the transmitter based on the Perturb and Observe (P & O) algorithm. The algorithm is used to track the frequency at which the maximum input power occurs and then the selected frequency is applied to the inverter. The operating frequency is adjusted from 4.27MHZ to 5.11MHZ and the coupling co-efficient is varied from 0.2 to 0.6. The transmitter circuit can be embedded in a desk or table.
B. Variable Frequency Control Algorithm
The algorithm works in two modes; namely, the start-up mode and the MPPT mode. The system remains in the start-up mode for a predefined number of scan cycles. The system operating frequency fo is swept over a range of frequency fo_min to fo_max in order to search for the frequency at which the maximum input power occurs as shown in figure 9 . This process is repeated multiple times to determine the initial frequency at which the converter operation should commence. This process helps to start the system at a frequency close to the one that provides maximum power input. Once this frequency is determined to a fair degree of confidence, the controller switches the mode of operation from the start process to MPPT mode. In the MPPT mode of operation, the perturb and observe algorithm's direction of the next perturbation is determined based on the direction of the previous perturbation of the operating frequency and the direction of the previous increment in the power input (Pin) of the WPT system. If the power input increases, the perturbation should be maintained in the same direction but if the power decreases, then the next perturbation should be in the reverse direction. This process is replicated until the maximum input power is detected. The flow chart of the algorithm is shown in figure 10 . 
C. Receiver Circuit
The use of switched capacitor for auto-tuning WPT systems was presented in [16] . However, is unable to cater for unpredictable variations in coupling co-efficient. Also, switch capacitors have been used in high frequency ac power distribution system as reported in [17] to regulate the input voltage of a resonant converter.
In this work, a switch capacitor topology is proposed to regulate the output voltage of the WPT system. As shown in figure 8 (a) the ac switch in the receivers consists of two back to back connected MOSFETs. The drain-source capacitance of the switch Cds serves as a switch-controlled capacitor. Hence, the ac switch shifts the resonant point in order to control the output voltage to meet the power requirements of the load. The switches are controlled using Pulse Width Modulation (PWM) technique.
In a bid to simplify the analysis of the circuit, we assumed that built-in drain-source capacitance of the switch is seen as a constant external capacitor across an ideal switch.
Equivalent Resonance Frequency
The equivalent circuit of the proposed topology is developed by replacing the back to back connected MOSFETs and resonant capacitor with an equivalent capacitance depending on the state of the switches. When the switch is on, the equivalent circuit is same as figure 1(b) and the capacitance of the series resonant tank is Crx. When the switch is off the equivalent circuit is shown in figure 8(b) , the equivalent capacitance of the series resonant tank is a series combination of Crx and Cds. Consequently, the ac switch adjusts the value of the series resonant capacitance over a switching cycle. The equivalent resonance capacitance is given by [17] , .
The steady state analysis of the circuit is same as the analysis shown in equations 1 to 20. The only difference is that the resonance frequency of the receiver is given by, 1 total L C rx total
By switching the capacitors of the ac switch in and out of the receiver circuit, the equivalent capacitance of the receiver changes and consequently the resonance frequency is adjusted to ensure that the voltage of the mobile device is keep constant. Equation 20 represents the output voltage of the WPT system. The proposed WPT system is simulated in PSIM based on the topology and control algorithm explained in section IV.
The component values were selected based on previous work done in [4] and simulations carried out on MATLAB. The circuit parameters are shown in table 1. The circuit is simulated for coupling coefficients of 0.2 to 0.6 and the circuit behavior is observed. As the coupling changes, the algorithm automatically tracks the maximum input power. The circuit is simulated at full-load to 10% load conditions.
Full-load on Both Receivers with varying coupling coefficient
The circuit was simulated at full-load condition for different values of coupling coefficient and the following simulation results were obtained. Figure 11(a) shows the transmitter input current and voltage, ZVS is achieved under full-load condition. Figure 11 Another scenario where the coupling coefficient between second receiver and the transmitter is twice the coupling coefficient between the first receiver and the transmitter is considered in figure 12 . Figure 12(a) shows the transmitter input current and voltage, it can be seen that ZVS is achieved as well as an output voltage of 5V as shown in figure 12(b) .
The output power of receiver one is 9.4W, which is slightly less than the required output power of 10W as shown in figure  12(c) . This is as a result of the different coupling coefficients of the two receivers from the transmitter. Figure 13(a) shows the transmitter input current and voltage, it can be seen that ZVS is achieved in this case as well. Figure  13 (b) show that the dc output of 5V was only maintained in the second receiver. The first receiver has a dc output voltage of 4.8V. The WPT system in this case can only deliver 83% of the required total output power as shown in figure 13(c) . This is as a result of the significant difference in coupling coefficients of the two receivers from the transmitter. The coupling coefficient between second receiver and the transmitter is thrice the coupling coefficient between the first receiver and the transmitter. A graphical representation of the output power variation for different combinations of coupling coefficients between the transmitter and the receivers is shown in figure 14 . It can be observed that the two receiver WPT system is capable of delivering full power when the coupling coefficients of the transmitter to the receivers are similar. In cases where the coupling coefficients of the individual receivers to the transmitter differ significantly (Ktr1=0.2 and Ktr2=0.6), the system is able to deliver only 83% of the required total output power. 
Fixed coupling coefficients with varying load
The receiver WPT system is studied when the first receiver has full-load and the second receiver has 10% load. In this case, ZVS is lost as shown in figure 15(a) . This is as a result of the load variation which changes the frequency characteristic of the system. The WPT system is able to maintain a 5V dc output voltage and deliver 10W to the first receiver as shown in figure 15(b) and (c). Finally, the circuit was simulated with 10% load on both receivers. ZVS is lost as shown in figure 16 (a) as a result of the load variation but a constant dc output voltage of 5V is maintained as shown in figure 16(b) . In all the cases examined above, we observed that with the use of the variable frequency control algorithm and the switched capacitor topology in the two-receiver WPT system is able to deliver 83% of the required power during extreme variations in the coupling coefficient. Therefore, a system designed at 120% of the rated power is sufficient to power multiple receiver loads at the rated power.
VI. CONCLUSION In this paper, a detailed system study of the effect of variation of coupling coefficient and load on a two-receiver wireless power transfer system was carried out. The use of a switched capacitor and a variable frequency control algorithm is proposed to enable the system work within a wide range of variation in coupling coefficient and load. The proposed system is simulated using PSIM and the results presented for different values of coupling coefficient and load conditions. The results confirm that the new topology is able to control the output voltage of the multiple receiver WPT system to meet the power requirements of the load. The system is also able to operate over a wide range of coupling coefficient by using the variable frequency control algorithm to track the maximum input power. The research result presented in this paper will serve a foundation to improve the robustness of the multiple receiver WPT system when exposed to extreme load conditions. A future paper will present practical implementation of the proposed system.
